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Cis-regulatory analysisI isolated a Ciona intestinalis homolog of p53, Ci-p53/p73-a, in a microarray screen of rapidly degraded mater-
nal mRNA by comparing the transcriptomes of unfertilized eggs and 32-cell stage embryos. Higher expression
of the gene in eggs and lower expression in later embryonic stages were conﬁrmed by whole-mount in situ
hybridization (WISH) and quantitative reverse transcription-PCR (qRT-PCR); expression was ubiquitous in
eggs and early embryos. Knockdown of Ci-p53/p73-a by injection of antisense morpholino oligonucleotides
(MOs) severely perturbed gastrulation cell movements and expression of notochord marker genes. A key
regulator of notochord differentiation in Ciona embryos is Brachyury (Ci-Bra), which is directly activated
by a zic-like gene (Ci-ZicL). The expression of Ci-ZicL and Ci-Bra in A-line notochord precursors was down-
regulated in Ci-p53/p73-a knockdown embryos. Maternal expression of Ci-p53/p73-b, a homolog of Ci-
p53/p73-a, was also detected. In Ci-p53/p73-b knockdown embryos, gastrulation cell movements, expression of
Ci-ZicL and Ci-Bra in A-line notochord precursors, and expression of notochord marker gene at later stages
were perturbed. The upstream region of Ci-ZicL contains putative p53-binding sites. Cis-regulatory analysis of
Ci-ZicL showed that these sites are involved in expression of Ci-ZicL in A-line notochord precursors at the
32-cell and early gastrula stages. These results suggest that p53 genes are maternal factors that play a
crucial role in A-line notochord differentiation in C. intestinalis embryos by regulating Ci-ZicL expression.nd Technology, Onna, Okinawa
rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Animal development is controlled by spatially and temporally pre-
cise gene expression, which is primarily controlled by regulatory
genes that encode sequence-speciﬁc transcription factors (TFs) and
signaling molecules (SMs) (Davidson, 2006). Studies of relationships
among these regulatory genes are crucial to our understanding of
various developmental phenomena, including cell differentiation
and morphogenesis. Clariﬁcation of the network architecture of regula-
tory genes, i.e. gene regulatory networks (GRNs), has become a central
discipline within developmental biology (Levine and Davidson, 2005).
Ascidians are among the most suitable animals for analyzing
genetic control of development in early embryogenesis, for several
reasons. They are the nearest sibling clade to vertebrates (Delsuc et
al., 2006); their larva represents a simpliﬁed vertebrate body plan,
containing the dorsal central nervous system, notochord and tail
muscles in ~2600 constituent cells (Satoh, 2003). This phylogenetic
proximity to vertebrates, in combination with a simple body struc-
ture that facilitates experimental manipulation, makes ascidians
very likely to provide critical insight into the origin of the vertebratebody plan (Lemaire et al., 2008). Ciona intestinalis is the most widely
studied ascidian, and its genome has been sequenced (Dehal et al.,
2002). Because the complete genome is available, and large-scale
cDNA libraries have been compiled representing various develop-
mental stages (Satou et al., 2002a), this organism is well suited for
genome-wide studies aimed at revealing developmental mecha-
nisms (Satoh et al., 2003). Among genes controlling embryogenesis
of C. intestinalis, the regulatory genes in particular have been in-
tensely studied. These genes have been systematically annotated
(Hino et al., 2003; Satou et al., 2003a, 2003b; Wada et al., 2003;
Yagi et al., 2003; Yamada et al., 2003), and their expression patterns
have been described over the course of embryogenesis, from egg
to tailbud stage embryo (Imai et al., 2004). Based on expression
proﬁle and knockdown experiments, a gene regulatory network
of zygotically expressed 53 TFs and 23 SMs up to early gastrula
stage has been proposed (Imai et al., 2006). Up to the early gastrula
stage (110-cell stage), the cell fates of major tissues are restricted,
and embryos can be analyzed at single-cell resolution (Nishida,
1987). Therefore, the GRN of C. intestinalis is both more comprehen-
sive in genomic scale and more precise in resolution than networks
reported for other chordates (Lemaire, 2009; Lemaire et al., 2008;
Satou et al., 2009).
Although the zygotic gene regulatory network is obviously impor-
tant for understanding the causality of genetic control in develop-
ment, embryogenesis is not controlled exclusively by zygotically
217T. Noda / Developmental Biology 360 (2011) 216–229expressed genes. Prior to the initiation of zygotic expression, if not
thereafter, maternally deposited molecules control developmental
phenomena, including zygotic expression of genes. Closely studied
maternal factors in C. intestinalis and the related species C. savignyi
include beta-catenin (Imai et al., 2000, 2004), macho-1 (Satou et al.,
2002b; Yagi et al., 2004a) and GATA-a (Rothbächer et al., 2007). The
genetic cascade involving beta-catenin, which acts in notochord fate
differentiation, serves as an example of a regulatory network. In
C. intestinalis and C. savignyi development, beta-cateninwas originally
reported to play a role in endodermal fate speciﬁcation; its impor-
tance for notochord fate speciﬁcation was also revealed at that time
(Imai et al., 2000). After fertilization, beta-catenin activates zygotic
expression of FoxA-a and FoxD-b (Imai et al., 2002, 2004). FoxA-a
and FoxD-b activate ZicL expression at the 32-cell stage (Imai et al.,
2006), and in turn, ZicL activates Brachyury expression at the 64-
cell stage (Yagi et al., 2004b). Brachyury is expressed in notochord
fate-restricted cells, and it activates expression of various genes
required for proper notochord cell differentiation, including structural
genes and genes regulating gastrulation movements (Hotta et al.,
2008; Takahashi et al., 1999).
Although beta-catenin and the two other representative maternal
factors (macho-1 and GATA-a) have been analyzed in detail, analyses
of the other maternal genes have not yet been comprehensively con-
ducted. Among 461 regulatory genes whose expression patterns
were analyzed by Imai et al. (2004), 342 are expressed maternally
(342/461=74%). Of 76 zygotic regulatory genes analyzed in a later
study (Imai et al., 2006), 32 genes are also expressed maternally, but
307 maternal genes have not yet been analyzed (342 maternal
genes−32 maternal and zygotic genes−3 representative maternal
factors (beta-catenin, macho-1, GATA-a)=307, 307/342=90%).
Therefore, analyses of these remaining maternal genes are needed.
In this study, I performed amicroarray screen of rapidly degradedma-
ternal genes. Degradation proﬁles during C. intestinalis embryogenesis
differ among maternal mRNAs. While maternal expression of some
genes persists until the tailbud stage, those of other genes disappear
before the gastrula stage (Imai et al., 2004). I hypothesize that rapidly
degraded genes fulﬁll their role in a relatively short period before
they disappear; this hypothesis facilitates the precise identiﬁcation
of such genes. Here, I report an analysis of Ci-p53/p73-a and its
homolog Ci-p53/p73-b, which are among the genes found in the
microarray screen.
The p53 family consists of tumor suppressor gene p53 and its
homologs (Levrero et al., 2000). Vertebrate genomes contain three
genes, p53, p63 and p73. The genomes of invertebrates such as
Drosophila melanogaster and Caenorhabiditis elegans contain one ho-
molog each (Yang et al., 2002). In spite of slightly different domain com-
positions among the p53 family members, they are sequence-speciﬁc
transcription factors that play a crucial role in regulation of gene expres-
sion. Although the familymembers, especially p53, have been intensely
studied as tumor suppressors, their role in development has only
recently been revealed (Danilova et al., 2008). In mouse develop-
ment, deﬁciency of p63 shows the most striking phenotype: in p63
null mice, all squamous epithelia and their derivatives are absent,
and limb formation is impaired (Mills et al., 1999; Yang et al.,
1999). As p63 also plays a role in epithelial development in zebraﬁsh
embryos (Lee and Kimelman, 2002), its developmental functions
might be conserved throughout evolution, at least in vertebrates.
A range of results have been reported for p53-inhibited vertebrate
embryos. In p53 knockdown embryos of Xenopus laevis, expression
levels of the organizer marker gene Chordin and the mesodermal
marker gene Brachyury are lowered in early gastrulae, and defective
mesoderm formation is observed in tailbud embryos (Cordenonsi
et al., 2003). In addition to inhibition of dorsal mesoderm differentia-
tion, failure of proper gastrulation due to defective blastopore formation
was also reported in some p53morphants (Cordenonsi et al., 2003). On
the other hand, in p53 knockout mice, obvious morphological defectsare not observed (Donehower et al., 1992). Although compensation
for p53 deﬁciency by other p53 family members has been suggested
as the reason for the apparent absence of a developmental abnormality
in the p53 knockout mouse (Danilova et al., 2008), it is certain that
somedifferences exist among the developmental roles of the p53 family
in vertebrates.
In contrast to the steady stream of analyses of the role of the p53
family in vertebrate development, no such studies have been per-
formed in invertebrate chordates. Therefore, I selected Ci-p53/p73-a
and its homolog Ci-p53/p73-b from the genes found by the microarray
screen and analyzed the developmental role of these genes, focusing
speciﬁcally on genetic control of cellular differentiation.
Materials and methods
Biological materials
C. intestinalis were cultivated at the Maizuru Fisheries Research
Station of Kyoto University. Eggs and sperm were obtained surgically
from the gonoduct. After insemination, eggs were dechorionated with
0.1% actinase E and 1% sodium thioglycolate in seawater adjusted
to pH 11. Dechorionated eggs were washed several times with
Millipore-ﬁltered seawater (MFSW), and embryos were reared in
MFSW at 18 °C until they reached the appropriate stage.
Microarray screening
Total RNA was isolated from unfertilized eggs and 32-cell stage
embryos by the acid guanidium thiocyanate–phenol–chloroform
method (Chomczynski and Sacchi, 1987). 1 μg of total RNA from
each stagewas used for further experiments. RNA labeling and hybrid-
ization were carried out as previously described (Noda et al., 2009).
The microarrays used in this study include 42,034 probes against
C. intestinalis genomic or cDNA sequences: these probes correspond
to 19,964 gene models (Noda et al., 2009). The number of protein
coding genes in the C. intestinalis genome, which is estimated to be
approximately 16,000 (Dehal et al., 2002), suggests that the present
microarray contains probes corresponding to most of the Ciona
genes. I conducted experiments twice, with dye-swap, in order to re-
duce false-positive data.
Data analyses of microarray
The intensities of signals of array probes were extracted from
scanned microarray images using the GenePix Pro 4.0 microarray
analysis software (Molecular Devices). GeneSpring software (Agilent)
was used for image analysis, normalization, and data extraction
processes. Genes corresponding to probes were annotated by cDNAs
or genomic sequences. Transcripts were regarded as rapidly degraded
if signal intensities of the corresponding probes were more than twice
as strong in unfertilized eggs than in 32-cell stage embryos in all
four microarray experiments. Raw data and further information are
available in NCBI GEO accession GSE25817.
Domain analysis and molecular phylogenetic analysis
Domain analysis was carried out using pfam (Finn et al., 2010).
Conserved p53 DNA-binding domains extracted by pfam were
aligned by ClustalX (Thompson et al., 1997) using default parameters
for molecular phylogenetic analysis. The Bayesian tree was con-
structed using MrBayes (Ronquist and Huelsenbeck, 2003) with
the WAG amino acid substitution matrix. Two independent runs
were conducted (each with four chains) for 500,000 generations.
The average standard deviation of split frequencies became b0.01
around 100,000 generations.
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Total RNA was isolated by the acid guanidium thiocyanate–phenol–
chloroform method (Chomczynski and Sacchi, 1987). RNA was treated
with 1 unit of DNase I (Invitrogen) for 15 min at 25 °C. After annealing
with 10 pmol oligo(dT), the RNA was incubated with 200 units of
Superscript III reverse transcriptase (Invitrogen) for 60 min at 50 °C.
As negative controls, reaction mixtures without Superscript III reverse
transcriptase were also prepared. Quantiﬁcations of mRNA were per-
formed using the real-time PCR method with SYBR-green chemistry
SYBR® Premix Ex Taq™ II (Takara) using an ABI prism 7000 (Applied
Biosystems). A quantity of cDNA equivalent to one embryo was used
for each reaction. Reactions with known concentrations of plasmid
DNA for each gene were carried out to generate a standard for absolute
quantiﬁcation (1000, 8000, 64,000, 512,000 plasmids per reaction
solutions). The ampliﬁcation of a speciﬁc product in each reaction
was conﬁrmed by determining a dissociation curve. Primers used
in this study were as previously described (zygotically expressing
regulatory genes, Imai et al., 2004; Imai et al., 2006) or as follows;
Ci-p53/p73-a (Fig. 1A, a) TCGAGCAAGGACCTACCAGT and GGTCGG-
AAAGTTGCTCAAAC,
(Fig. 1A, b) CATGCAAGGCTCGATGAATA and CTCGGATCTTGAGCGT-
GAAT,
(Fig. 1A, c) GCACAGCTGTCTGCTAACCA and ATGAGCGAGCGTGTTC-
TAGG,
(Fig. 1A, d) TAAGCGGCCTCTCATCTGTT and GAGCGCAACAGTTTGT-
CGTA,
(Fig. 1A, e) TCAGGAAGTTTAAGGCGACAA and CAATTCGTGGTCAA-
TTTTGG,
(Fig. 1A, f) CGGATCTTACTCGCAAGGATA and GGTCGGAAAGTTGCT-
CAAAC,
(Fig. 1A, g) CGTCACTATGATGAAACTATGCTTG and TGGTAGGAACCCT-
CATCCAAA
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Fig. 1. (A) The structure of Ci-p53/p73-a. Ci-p53/p73-a produces at least ﬁve splicing varian
untranslated regions in white. In parentheses, names of variants of Ci-p53/p73-a from Sato
B and C are probes used for WISH analysis (Fig. 2). Lines a, b, c, d, e, f and g are regions a
tree was constructed using MrBayes (Ronquist and Huelsenbeck, 2003). Posterior proba
Fig. S1. Abbreviations are as follows: Ci, Ciona intestinalis; Dm, Drosophila melanogaster; Ce
laevis; and Hs, Homo sapiens.GAPDH, CCGTGTCATCGATCTTCTGCandCGTGGTGTTTAACTGGCAACA,
EF-1a, CACTTGGTCGTTTCGCTGT and CTTCTTGCCGACTTTCTTGG,
ETR, GCAAACCAACTGCAAACAAA and GGAAAACGTTAGCCAGGTCA.
Whole-mount in situ hybridization (WISH)
Whole-mount in situ hybridization (WISH) was carried out as
previously described (Noda and Satoh, 2008). Dig-labeled RNA probes
for WISH were synthesized by in vitro transcription from cDNAs
obtained by the C. intestinalis cDNA project (Satou et al., 2002a).Knockdown and overexpression experiments
Microinjection of reagents was carried out as previously de-
scribed (Imai et al., 2000). Sequences of antisense morpholino oligo-
nucleotide (MO; Genetools) used in this study were as follows:
GTCGGTCCATAGCAGAGTCGTTTCT (ﬁrst MO of Ci-p53/p73-a; the
underlined CAT corresponds to the translation initiation codon);
TAGCAGAGTCGTTTCTCGTATCCGG (second MO of Ci-p53/p73-a; the
underlined T corresponds to the ﬁrst nucleotide of the translation
initiation codon); and ATCAGCAACTGCATGTTATAAACC (MO of Ci-
p53/p73-b). Synthetic capped mRNAs for overexpression and rescue
experiments were synthesized using the mMESSAGE mMACHINE®
T3 Kit. The construct for synthetic mRNA was generated from
the pBluescript RN3 vector (Lemaire et al., 1995) and cDNA of Ci-
p53/p73-a (clone ID cieg096l24, a same variant of the Ci-p53/p73-a-
var1 in Fig. 1A) (Satou et al., 2002a). Primers used for ampliﬁcation of
the coding region of cieg096l24 are as follows: ACCGACCGCGGGAAG-
GAAG and AGCAAGGTAACCAAACGGACA. Ampliﬁed sequences were
subcloned into pBluescript RN3 treated with restriction enzymes SacII
and BstPI. When synthetic mRNA was generated using this method,
the sequences of native Ci-p53/p73-a 5′ and 3′ untranslated regions
(UTR) were replaced by Xenopus globin UTR sequences. Therefore,
synthetic mRNA did not contain sequences corresponding to the Ci-B
0.93
1.00
0.84
1.00
1.00
0.96
1.00
1.00
0.82
C
d
Dm p53
Sp Xp001196748.1
0.92
Ce Cep-1
Ci p53/p73a
Ci p53/p73b
Dr p73
Hs p73
Xl p63
Dr p63
Hs p63
Xl p53
Dr p53
Hs p53
ts, according to a large-scale cDNA analysis. Coding regions are marked in green and
u et al. (2008) or cDNA clone IDs (Cima833f15 and Cibd005l07) are indicated. Lines A,
mpliﬁed for qRT-PCR. (B) A molecular phylogenetic tree of the p53 family genes. This
bilities are shown in nodes of the tree. An alignment is available in Supplementary
, Caenorhabditis elegans; Sp, Strongylocentrotus purpuratus; Dr, Danio rerio; Xl, Xenopus
219T. Noda / Developmental Biology 360 (2011) 216–229p53/p73-a MO, making it possible to use this mRNA possible in rescue
experiments with the MO. Concentrations of reagents in each injection
experiment were 0.3 nM or 0.5 nM MO in knockdown experiments,
1.5 mg/ml mRNA in overexpression experiments, 0.3 nM MO and
0.4 mg/ml of mRNA in rescue experiments. These concentrations were
determined empirically in preliminary experiments.
Cis-regulatory analysis
Upstream 259 bases from the putative transcription start site
of ZicLwere analyzed in a cis-regulatory analysis according to the pre-
vious study of Anno et al. (2006). Reporter constructs of ZicL regulato-
ry element (zicL:−259, Fig. 9A) were made using genome sequences
of C. intestinalis, ampliﬁed using primers CTTGTGTAAAGCTTTTTTA-
CAATGTGTG and GGGAGGATCCACCATTACATTAG, and pPD1.27 vec-
tor digested with restriction enzymes HindIII and BamHI. Reporter
constructs with mutants in the p53 consensus binding sequences
were generated by ligation of ampliﬁed sequences of the zicL: −259
construct with primers as follows: CATACGTAAACATTACGTCGAC
and GCACTTTCTCTACGTGATGTCAA (for zicL: −259m-1 and zicL:
−259m-1,2, underlined residues indicate changes relative to the
genomic sequence); TTCCAATTCGCACGTGGTTC and AGCGACGGGC-
GATCGGAAG (for zicL: −259m-2 and zicL: −259m-1,2). Constructs
were transfected by electroporation as described in Corbo et al.
(1997) at a concentration of 60 μg/ml reporter constructs. Expression
of the reporter gene was detected by WISH.
Results and discussion
Screening of the early-degraded maternal regulatory genes
In order to isolate target genes from numerous maternally
expressed genes in C. intestinalis, I performed a screen for mRNAs that
are rapidly degraded in early embryos. In C. intestinalis embryogenesis,
the early zygotic expression ofmajor regulatory genes, including FoxD-b
and Tbx6b/c/d, initiates at the 16-cell stage (Imai et al., 2004). Therefore,
I compared the transcriptomes of unfertilized eggs and 32-cell stage
embryos using C. intestinalis microarrays. Two independent analyses
were carried out, with dye-swap. 245 probes had signal intensities
more than twice as high in eggs than in 32-cell stage embryos in all
four microarrays. These 245 probes correspond to 179 genes (listed in
Supplementary Table S1). Of the 179 genes, eightwere already reported
by Imai et al. (2004) to be regulatory genes (8/179=4.5%). As the totalTable 1
Regulatory genes whose maternal mRNAs degrade during early embryogenesis of Ciona int
Gene name Microarray feature
number
Exp. 1
Signal intensity of
Cy3_32-cell vs. Cy5_egg
Sign
Cy5
Ci-p53/p73-a 7796 0.41 0.20
33,779 0.41 0.30
Ci-GATA-a 9032 0.36 0.22
32,662 0.46 0.42
Ci-Tak1/MAPKKK7 25,018 0.50 0.47
Ci-xBPc 39,504 0.40 0.45
Ci-ERR 10,520 0.41 0.40
38,705 0.34 0.30
Ci-Smad6/7 11,594 0.31 0.33
26,584 0.37 0.37
Ci-SOCS1/2/3CIS 17,821 0.23 0.20
17,822 0.47 0.38
17,823 0.22 0.29
17,825 0.42 0.27
33,504 0.38 0.28
36,494 0.27 0.15
Ci-STAT-a 22,122 0.35 0.35
27,403 0.47 0.30number of genes of C. intestinalis is estimated to be ~16,000 (Dehal et al.,
2002), and the number of genes annotated as regulatory genes is 507
(507/16,000=3.2%) (Imai et al., 2004), the proportion of regulatory
genes found in the screen was not signiﬁcantly different from the pro-
portion of regulatory genes found in the Ciona genome. Genes found
in the screen included not only regulatory genes but also genes anno-
tated as having other functions (for example, cell cycle-related genes
including cyclin B-like, Novel Cyclin-a and cdc25; Kawashima et al.,
2003). I focused on regulatory genes for further analysis, in order to
investigate genetic controls in embryogenesis. Table 1 lists the regula-
tory genes identiﬁed in the screen. The TFs identiﬁed were Ci-
p53/p73-a, Ci-GATA-a, Ci-xBPc, Ci-ERR, Ci-Smad6/7 and Ci-STAT-a: the
SMs identiﬁed were Ci-Tak1/MAPKKK7 and Ci-SOCS1/2/3CIS. For six of
the eight genes, higher expression in unfertilized eggs than 32-cell
stage embryos was demonstrated with multiple probes. This list
includes GATA-a, a previously reported crucial maternal regulatory
gene involved in epidermal differentiation (Rothbächer et al., 2007);
the identiﬁcation of a known regulatory gene supports the reliability
of the screen performed for this study. From these genes, I chose Ci-
p53/p73-a for experimental analysis.
Gene structures of Ci-p53/p73-a
As reviewed by Murray-Zmijewski et al. (2006), the vertebrate
p53 family contains several proteins and protein isoforms that differ
from each other in domain composition and biological functions.
Therefore, I ﬁrst analyzed the protein structure of Ci-p53/p73-a.
Since a large-scale cDNA project was carried out to generate libraries
from various developmental stages of C. intestinalis (Satou et al.,
2002a,b and other unpublished data), cDNA sequence information is
abundant, allowing a search for mRNA splicing variants. Ci-p53/p73-a
gene produces at least ﬁve mRNA variants, represented in the libraries
by the corresponding cDNAs (Fig. 1A),which in turn encodeﬁve protein
isoforms. Using the domain search program pfam (Finn et al., 2010),
the p53 DNA-binding domain and p53 tetramerization motif were
detected in four isoforms, Ci-p53/p73-a-var1, Ci-p53/p73-a-var2, Ci-
p53/p73-a-var3 and Ci-p53/p73-a-var4. Amino acid residues crucial
for sequence-speciﬁc DNA recognition, summarized by Kaghad et al.
(1997), were all conserved (Supplementary Fig. S1). The p53 transacti-
vationmotif and SAMdomainwere not found in the isoforms; however,
a sequence similar to the MDM-2 domain (CFSDIW in Ci-p53/p73-a,
TFSDLW in human p53) (Lin et al., 1994), which is a core component
of the p53 transactivation motif, was found in three isoforms, Ci-estinalis.
Exp. 2
al intensity of
_32-cell vs. Cy3_egg
Signal intensity of
Cy3_32-cell vs. Cy5_egg
Signal intensity of
Cy5_32-cell vs. Cy3_egg
0.49 0.37
0.47 0.38
0.14 0.29
0.24 0.34
0.47 0.42
0.47 0.35
0.50 0.10
0.50 0.42
0.47 0.42
0.41 0.42
0.33 0.26
0.41 0.32
0.35 0.27
0.41 0.25
0.39 0.26
0.31 0.22
0.35 0.43
0.39 0.40
220 T. Noda / Developmental Biology 360 (2011) 216–229p53/p73-a-var1, Ci-p53/p73-a-var2 and Ci-p53/p73-a-var3. As no SAM
domain was found in the p53 proteins of vertebrates or in p53 family
members of some invertebrates including D. melanogaster, Ci-
p53/p73-a isoforms equip essential components as a sequence-
speciﬁc transcription factor as far as observing amino acid sequence.
Next, I analyzed the phylogenetic relationship between Ci-p53/
p73-a and Ci-p53/p73-b using the Bayesian method, focusing on the
DNA-binding domain sequences that are conserved among the p53
family members (Fig. 1B; the alignment used for constructing phylo-
genetic tree is available in Supplementary Fig. S1). The phylogenetic
tree showed that Ci-p53/p73-a and Ci-p53/p73-b had a sister group rela-
tionship, and that they are in a basal position relative to the vertebrate
p53 family. This tree topology indicates that the ancestor of p53 genes
of vertebrates and C. intestinalis was duplicated independently in each
lineage (Fig. 1B).pr
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Fig. 2. Degradation of Ci-p53/p73-a during embryogenesis from fertilized egg to the early
are shown in Fig. 1. Theoretically, probe-A recognizes transcriptional variants Ci-p53/p73
var1, Ci-p53/p73-a-var3, Ci-p53/p73-a-var4 and Ci-p53/p73-a-var5; and probe-C recogniz
qRT-PCR. Regions corresponding to ampliﬁed sequences are shown in Fig. 1. Theoretically
p73-a-var2 and Ci-p53/p73-a-var3; b recognizes all ﬁve variants; c recognizes Ci-p53/p73-
p53/p73-a-var2; e recognizes Ci-p53/p73-a-var3; f recognizes Ci-p53/p73-a-var4; and g rec
and g. The vertical axis is expression level relative to that of eggs. The horizontal axis is time
(2 1/4 h after fertilization); 16, 16-cell embryos (2 3/4 h after fertilization); 32, 32-cell e
eg, early gastrula (4 3/4 h after fertilization); neu, neurula (7 h after fertilization); and et,While Ci-p53/p63/p73-a and Ci-p53/p63/p73-b are more suitable
names, we adopt the names of Ci-p53/p73-a and Ci-p53/p73-b, because
the names were already assigned in previous systematic and compre-
hensive work (Imai et al., 2004).
Expression of Ci-p53/p73-a mRNA
Ci-p53/p73-a produces at least ﬁve mRNA variants (Fig. 1A). The
microarray probes used for the screen correspond to sequences of
the thirteenth exon of Ci-p53/p73-a-var1, which is present in four of
the variants (Ci-p53/p73-a-var1, Ci-p53/p73-a-var3, Ci-p53/p73-a-var4
and Ci-p53/p73-a-var5); thus, the microarray experiment would moni-
tor levels of all four of these variants simultaneously. To determine
precise expression proﬁles of transcription variants, I analyzed the
expression of each variant in detail using WISH (Figs. 2A–F″) and64-cell early gastrula early tailbud
neu et
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tailbud stage. (A–F″) WISH of Ci-p53/p73-a. Corresponding mRNA probes A, B and C
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221T. Noda / Developmental Biology 360 (2011) 216–229qRT-PCR (Fig. 2G). Corresponding regions of probes forWISH (probe-A,
probe-B and probe-C) and ampliﬁed sequences of qRT-PCR (a–g) are
shown in Fig. 1A.
In the qRT-PCR experiment, while signals for a, b, c and d were
detected, those for e, f and g were at the same level as negative con-
trol in eggs and embryos (Fig. 2G and data not shown). Probes a, b, c
and d correspond to Ci-p53/p73-a-var1 and/or Ci-p53/p73-a-var2; e, f
and g correspond to the other variants. Therefore, Ci-p53/p73-a-var1
or Ci-p53/p73-a-var2 represents the majority of Ci-p53/p73-a expres-
sion at these stages. In the experiment using sequences a and b to
monitor the expression of Ci-p53/p73-a-var1 and Ci-p53/p73-a-var2,
the signals steadily weakened until the early gastrula stage and
remained at negative control levels between the neurula and early
tailbud stages (Fig. 2G). When using sequence c to monitor the
expression of Ci-p53/p73-a-var1, signals steadily weakened until
the 64-cell stage, but signal intensities did not change after this
stage (Fig. 2G). When using sequence d to monitor the expression
of Ci-p53/p73-a-var2, signal reduction began after the 32-cell stage
and remained unchanged after the early gastrula stage (Figs. 2G).
The results of qRT-PCR were conﬁrmed by WISH (Figs. 2A–F″).
When using probe-A (which detects the expression of both Ci-p53/
p73-a-var1 and Ci-p53/p73-a-var2), strong ubiquitous signal was
found in eggs, and signal weakened as development proceeded
(Figs. 2A–E). The signal became undetectable above background
level by the early tailbud stage (Fig. 2F). When using probe-B to
monitor the expression of Ci-p53/p73-a-var1, a ubiquitous signal in
eggs weakened and became undetectable by the 64-cell stage and
thereafter (Figs. 2A′–F′). The loss of signal detected using probe-B
occurred at an earlier stage than the loss of signal detected using
probe-A. When using probe-C to monitor the expression of Ci-
p53/p73-a-var2, a ubiquitous signal, relatively weaker than those forTable 2
Numbers and ratios of morphology of experimentally treated tailbud stage embryos.
Experimental conditions No distinct morphological
abnormality
Gastr
phen
0.5 nM Ci-p53/p73-a MO (n=267) 24
(9%)
123
(46%)
0.5 nM Ci-p53/p73-b MO (n=71) 22
(31%)
27
(38%)
0.5 nM Ci-p53/p73-a MO+0.5 nM Ci-p53/p73-b
MO (n=37)
4
(11%)
17
(46%)
0.5 nM control Ci-p53/p73-a sense MO (n=78) 24
(31%)
0
1.5 mg/ml Ci-p53/p73-a mRNA (n=84) 10
(12%)
0probe-A and probe-B, was detected in eggs (Fig. 2A″). This signal
persisted to the early gastrula stage (Figs. 2A″–E″) and dropped
to background levels in the early tailbud stage (Fig. 2F″).
WISH and qRT-PCR results showed that two mRNA variants of Ci-
p53/p73-a, Ci-p53/p73-a-var1 and Ci-p53/p73-a-var2, are expressedma-
ternally and ubiquitously. They are rapidly degraded over the course
of early embryogenesis up to the early tailbud stage, each with distinct
kinetics. While cDNAs corresponding to Ci-p53/p73-a-var1 and Ci-
p53/p73-a-var2 were found in libraries derived from developmental
stages ranging from eggs to early tailbud-stage embryos (libraries in
Satou et al., 2002a), cDNAs corresponding to Ci-p53/p73-a-var3, Ci-
p53/p73-a-var4 and Ci-p53/p73-a-var5were not found in these libraries.
Derived libraries of cDNAs corresponding to each variant are as follows:
Ci-p53/p73-a-var3 is from a mature adult cDNA library; Ci-p53/p73-a-
var4 is from a cDNA library of adult neural complex; and Ci-p53/p73-
a-var5 is from a cDNA library of adult blood. Therefore, these three var-
iants might fulﬁll their role at a stage later than early embryogenesis.
Ci-p53/p73-a regulates notochord cell differentiation
In order to examine the developmental roles of Ci-p53/p73-a, I
knocked down Ci-p53/p73-a function with antisense MO. The MO se-
quence corresponds to the region around the translation initiation
site of mRNAs of Ci-p53/p73-a-var1 and Ci-p53/p73-a-var2; therefore,
the MO inhibits the translation of both of these mRNA variants. Fig. 3
shows development of control embryos (Figs. 3A–F) and Ci-p53/p73-a
knockdown embryos (Figs. 3A′–F′). In contrast to normal morphology
before the 64-cell stage (Fig. 3A′), Ci-p53/p73-a knockdown embryos
exhibited morphological defects after the early gastrula stage. In
the gastrula stage, gastrulation movement did not occur, and the blas-
topore did not close (Figs. 3B–D′, blue arrowhead shows the edgeulation inhibited
otype
Ball-like round
phenotype
Abnormal morphology except gastrulation
inhibited and ball-like phenotype
0 120
(45%)
0 22
(31%)
0 16
(43%)
0 54
(69%)
59
(70%)
15
(18%)
222 T. Noda / Developmental Biology 360 (2011) 216–229of blastopore). In the neurula and tailbud stages, neurulation and
elongation of the tail did not occur (Figs. 3E–F′). These results suggest
that Ci-p53/p73-a regulates gastrulation movements. As shown in
Table 2, though 46% embryos inhibited their gastrulation with
injected 0.5 nM Ci-p53/p73-a anti-sense MO, such a phenotype was
not observed in 0.5 nM Ci-p53/p73-a sense MO injected embryos.
Next, I analyzed cellular differentiation in knockdown embryos by
examining expression of differentiation marker genes: Epi1 (Figs. 4A
and A′) and EpiB (Figs. 4B and B′) for epidermis; ETR for neural cells
(Figs. 4C and C′); alkaline phosphatase for endoderm (Figs. 4D and D′);
AKR1a for mesenchyme (Figs. 4E and E′); and actin for muscle
(Figs. 4F and F′). In Ci-p53/p73-a knockdown embryos, all of these
marker genes were expressed around regions containing precursorEpi1
(epidermis) 
A
talin
(notochord)
H
Noto1
(notochord)
G
AKR1a
(mesenchyme)
E
EpiB
(epidermis)
B
ETR
(neural cells)
C
alkaline phosphatase
(endoderm)
D
actin
(muscle)
F
wild type
Fig. 4. (A–H) Expression of differentiation marker genes in normal embryos, (A′–H′) in Ci-cells for each tissue (Figs. 4A′–F′). In contrast, the expression of
notochord marker genes Noto1 (Figs. 4G and G′) and talin (Figs. 4H
and H′) was severely defective in about 70–80% of embryos (Table 3,
81% inNoto1 and 71% in talin, Figs. 4G′ andH′, blue arrowheads indicate
expressing cells of each gene).
I also conducted overexpression experiments by injecting 1.5 mg/ml
in vitro synthesized mRNA in fertilized eggs. When Ci-p53/p73-amRNA
is overexpressed, about 70% of tailbud stage embryos assume a ball-like
roundmorphology (Table 2, Figs. 4A″–H″). Expression of Epi1 (Fig. 4A″),
EpiB (Fig. 4B″), alkaline phosphatase (Fig. 4D″) and AKR1a (Fig. 4E″)
was severely defective in about 60–90% embryos (Table 3). On the other
hand, expression of ETR (Fig. 4C″), actin (Fig. 4F″), Noto1 (Fig. 4G″) and
talin (Fig. 4H″) was detected throughout the embryos, while signalA’
H’ H’’
G’ G’’
E’ E’’
A’’
B’ B’’
C’ C’’
D’ D’’
F’ F’’
knockdown over expression
p53/p73-a knockdown embryos, and (A″–H″) in Ci-p53/p73-a overexpressing embryos.
Table 3
Numbers and ratios of differentiation marker gene expressing embryos as a function of
experimental treatment.
Experimental conditions Genes Expressed Not or weakly
expressed
0.5 nM Ci-p53/p73-a MO epi1 (n=17) 17 (100%) 0
epiB (n=18) 18 (100%) 0
ETR (n=18) 18 (100%) 0
alkaline phosphatase
(n=22)
20 (91%) 2 (9%)
AKR1a (n=15) 15 (100%) 0
actin (n=13) 13 (100%) 0
noto1 (n=16) 3 (19%) 13 (81%)
talin (n=28) 8 (29%) 20 (71%)
0.5 nM Ci-p53/p73-b MO noto1 (n=49) 22 (45%) 27 (55%)
0.5 nM Ci-p53/p73-a
MO+0.5 nM Ci-p53/p73-bMO
noto1 (n=21) 5 (24%) 16 (76%)
1.5 mg/ml Ci-p53/p73-a mRNA epi1 (n=16) 6 (38%) 10 (63%)
epiB (n=7) 1 (14%) 6 (86%)
ETR (n=10) 10 (100%) 0
alkaline phosphatase
(n=5)
1 (20%) 4 (80%)
AKR1a (n=11) 2 (18%) 9 (82%)
actin (n=4) 4 (100%) 0
noto1 (n=9) 9 (100%) 0
talin (n=7) 7 (100%) 0
223T. Noda / Developmental Biology 360 (2011) 216–229strengths of actin and ETRwere relativelyweaker than those ofNoto1 and
talin. From the results of knockdown and overexpression experiment, I
concluded that Ci-p53/73-a is involved in differentiation of notochordZicL(32-cell)
Brachyury(64-cell)
wild type knock down resc
A A’
B B’
A’’’
knock down
A’’
wild type knock down wild type knock
ZicL(110-cell ani) ZicL(110-cell ve
Bra
C C’
D D’ E
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Fig. 5. Expression of ZicL and Brachyury in Ci-p53/p73-a knockdown embryos. (A) ZicL expre
(A‴) Ci-p53/p73-aMO andmRNA-injected embryos. White and blue arrowheads indicate cel
Percentage of ZicL expression in experimentally manipulated embryos. In this graph, we jud
the line containing that cell (A-line; A6.2 and A6.4, B-line; B6.2 and B6.4). Embryos with Z
are as follows: wild-type embryos, 102; 0.5 nM Ci-p53/p73-a MO-injected embryos, 29; 0.3
embryos, 10; and 0.3 nM Ci-p53/p73-a MO- and 400 nM mRNA-injected embryos, 29. (B) and
p53/p73-a knockdown embryos. Blue arrowheads indicate ZicL-expressing cells in the animal
hemisphere of early gastrula (110-cell) wild-type and Ci-p53/p73-a knockdown embryos. Bl
A8.16) and notochord precursor cells (A8.5, A8.6, A8.13 and A8.14); white arrowheads in k
wild-type embryos, Ci-p53/p73-a knockdown embryos, and rescued embryos, respectively.Whcells in Ciona embryos, and at least weakly affects the differentiation of
muscle and neural cells.
Ci-p53/p73-a regulates the zygotic expression of the ZicL and Brachyury
In order to examine how Ci-p53/p73-a is involved in notochord
cell differentiation, I analyzed the expression of early regulatory
genes in Ci-p53/p73-a knockdown embryos. As described in the
Introduction, FoxA-a, FoxD-b, ZicL and Brachyury are zygotic TFs
involved in notochord fate activation. Because the expression of
each gene is initiated before the early gastrula stage (the initial
stages of the expression are as follows; FoxA-a in 8-cell embryos,
FoxD-b in 16-cell embryos, ZicL in 32-cell embryos and Brachyury
in 64-cell embryos), they are candidates for TFs that are regulat-
ed by Ci-p53/p73-a. In addition to these TFs, the expression of
signaling molecule FGF9/16/20, which starts at the 16-cell stage,
is crucial for notochord differentiation (Imai et al., 2006). Also,
Nodal and Delta2 (a synonym of Delta-like in Imai et al. (2004)),
each of whose expression respectively starts at the 32-cell and
64-cell stages, are involved in secondary notochord differentiation
(Hudson and Yasuo, 2006).
As shown in Figs. 5 and 6, while the expression of ZicL (Figs. 5A–C′)
and Brachyury (Figs. 5D–E′) was affected in Ci-p53/p73-a knockdown
embryos, notable changes were not observed upon expression of
FoxA-a (Figs. 6A–B′), FoxD-b (Figs. 6C and C′), or the Brachyury-
regulating genes FGF9/16/20 (Figs. 6D and D′), Nodal (Figs. 6E and E′)
and Delta2 (Figs. 6F and F′). These results were conﬁrmed by qRT-ue
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224 T. Noda / Developmental Biology 360 (2011) 216–229PCR experiments at the 32- and 64-cell stages (Fig. 6L). While the
quantity of mRNA of ZicL and Brachyury in Ci-p53/p73-a knockdown
embryoswas less than half thewild-type level, mRNA levels in embryos
expressing FoxA-a, FoxD-b and FGF9/16/20 did not differ signiﬁcantly.
Because FoxA-a and FoxD-b are upstream of ZicL, and ZicL and
FGF9/16/20 are upstream of Brachyury, these results suggest that the
target of Ci-p53/p73-a is ZicL.
When Ci-p53/p73-a was knocked down, weak expression of
ZicL persisted in A-line cells (A6.2 and A6.4) of some manipulated
embryos (Fig. 5A′), but most embryos lost the expression (Fig. 5A″).
The percentages of embryos that expressed ZicL in each blastomere
at 32-cell stage are shown in Fig. 5A⁗. When 0.5 nMMOwas injected,
24% of the embryos expressed ZicL in both A- (weakly) and B-line
cells (B6.2 and B6.4); 59% of the embryos expressed ZicL in only
B-line cells; and 17% of the embryos did not express ZicL at all (the
total number of embryos was 29; the numbers with each expression
pattern were 7, 17 and 5, respectively). When 0.3 nM MO was
injected, 35%, 46% and 19% each showed these expression patterns
(total number was 54; numbers with each expression pattern were
19, 25 and 10, respectively). In the rescue experiment, with injection0
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of the early neural marker gene ETR in wild-type and Ci-p53/p73-a knockdown embryos. (
knockdown embryos at the 32-cell and 64-cell stages (mRNA quantities of each gene in Ci-p
malized against those of EF-1a. Blue bars, 32-cell embryos; red bars, 64-cell embryos.of 0.3 nM MO and 400 mg/ml Ci-p53/p73-a mRNA, 93% embryos
expressed ZicL in both A- and B-line cells (the total number of em-
bryos was 29; the numbers with each expression pattern were 27,
0 and 2, respectively). In a knockdown experiment with 0.3 nM of
the second MO, which corresponds to translation initiation region
of Ci-p53/p73-a-var1 and Ci-p53/p73-a-var2 but whose correspond-
ing region is nine bases away from the ﬁrst MO, 40% of the embryos
expressed ZicL in A- and B-line cells; 50% of the embryos expressed
ZicL in B-line cells; and 10% of the embryo did not express ZicL
(the total number of embryos was 10). This result was basically the
same as that of an experiment with 0.3 nM of the ﬁrst MO against
Ci-p53/p73-a. Therefore, the rescue and second MO experiments
supported MO speciﬁcity against Ci-p53/p73-a.
In the knockdown experiments, ZicL expression in B-line cells weak-
ened in some embryos; and the percentages of embryos that lost ZicL
expression in the B-line were larger in the Ci-p53/p73-a knockdown
embryos than in rescued or control embryos (10–19% in the knock-
down, 7% in the rescued condition, and 3% in control). Therefore, al-
though regulation of ZicL expression in the B-line has not been ruled
out, Ci-p53/p73-amainly regulates ZicL expression in A-line cells.64
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Table 4
Numbers and ratio of ZicL- and Brachyury-expressing embryos as a function of experi-
mental treatment.
Genes and
stages
Experimental conditions Expression patterns
A6.2, A6.4,
B6.2, B6.4
A6.2,
A6.4
B6.2,
B6.4
No
expression
ZicL at the
32-cell
stage
0.5 nM Ci-p53/p73-a
MO (n=29)
7
(24%)
0 17
(59%)
5
(17%)
0.3 nM Ci-p53/p73-a
MO (n=54)
19
(35%)
0 25
(46%)
10
(19%)
0.3 nM Ci-p53/p73-a
second MO (n=10)
4
(40%)
0 5
(50%)
1
(10%)
0.3 nM Ci-p53/p73-a
MO+0.4 mg/ml
Ci-p53/p73-a mRNA
(n=29)
27
(93%)
0 0 2
(7%)
0.5 nM Ci-p53/p73-b 18 0 16 11
225T. Noda / Developmental Biology 360 (2011) 216–229In the early gastrula stage, ZicL is expressed in a8.17, a8.19, a8.25,
b8.17 and b8.19 (blue arrowheads in Fig. 5B), and expression can also
be detected in Ci-p53/p73-a knockdown embryos (blue arrowheads
in Fig. 5B′). On the other hand, among A-line cells in Ci-p53/p73-a
knockdown early gastrulae, ZicL was expressed only in the neural-cell
precursor line, A8.7, A8.8, A8.15 and A8.16 (Fig. 5C′, blue arrowheads),
but not in notochord precursor cells (Fig. 5C′, white arrowheads).
A-line speciﬁc disappearance of expression in Ci-p53/p73-a knock-
down embryos was also observed for Brachyury. At the 64-cell stage,
Brachyury expression is initiated in A-line cells, A7.3 and A7.4
(Fig. 5D), and relatively weak expression is also observed in B-line
cells, B7.4 in some embryos. In the early gastrula stage, in addition to
the A-line (A8.7, A8.8, A8.15 and A8.16), new expression is also induced
in the B-line (B8.6) (Fig. 5E; Hudson and Yasuo, 2006). In Ci-p53/p73-a
knockdown embryos, while the Brachyury expression in the A-line dis-
appeared (Fig. 5D′ and Fig. 5E′, white arrowheads), the expression
in the B-line remained (Fig. 5E′, blue arrowheads). Rescue experiment
also succeeded in restoring Brachyury expression (Fig. 5D″).
Next, I analyzed regulatory genes other than Brachyury that are
crucial for differentiation and are expressed in cellular fate-restricted
cells. The expression of MyoD in muscle precursor (Figs. 6G and G′),
TWIST-like-1a in mesenchyme precursor (Figs. 6H and H′), Dll-B in
ectoderm precursor (Figs. 6I and I′), Lhx3 in endoderm precursor
(Figs. 6J and J′) and neural marker gene ETR (Figs. 6K and K′) occurred
in Ci-p53/p73-a knockdown embryo (qRT-PCR results shown in
Fig. 6L). Although expression strength of MyoD became weaker in
knockdown embryos (Fig. 6L), expression was detected by WISH
under the experimental conditions used in this study. Therefore, I con-
cluded that Ci-p53/p73-a plays a role in notochord cell fate differenti-
ation by regulating A-line ZicL expression.
Ci-p53/p73-b also regulates notochord cell differentiation by regulating
ZicL and Brachyury expression
As shown in Fig. 1B, the C. intestinalis genome contain two homolog
of vertebrate p53, Ci-p53/p73-a and Ci-p53/p73-b (Imai et al., 2004).
In order to clarify developmental roles of p53 family in C. intestinalis, I
also studied Ci-p53/p73-b. Ci-p53/p73-b protein contains the p53 DNA-
binding domain, which contains conserved amino acid residues crucial
for sequence-speciﬁc DNA recognition (Fig. S1), the p53 tetramerization
motif, and a sequence similar to the MDM-2 domain (SFSDFW). First, I
performed WISH in order to determine the precise spatiotemporal
expression of Ci-p53/p73-b from the egg to tailbud stage. As shown in
Fig. 7A, ubiquitous maternal signal was detected in fertilized eggs. In
contrast to the rapid disappearance of maternal Ci-p53/p73-a mRNA
(Fig. 2), levels of Ci-p53/p73-b persisted at least to the tailbud stage.
Next, in order to clarify whether Ci-p53/p73-b has similar func-
tions to Ci-p53/p73-a, I carried out a knockdown experiment
by injecting 0.5 nM Ci-p53/p73-b antisense MO. As shown in Ci-p53/
p73-a (Figs. 3–5), gastrulation movement and expression of Noto1
(Fig. 8A), ZicL (Fig. 8B) and Brachyury (Fig. 8C) were inhibited in theA B C
D E
Fig. 7.WISH of Ci-p53/p73-b in the unfertilized egg (A), 16-cell (B), 64-cell, neurula (D)
and early tailbud stages (E).Ci-p53/p73-b knockdown embryos. Similar phenotypes
were observed in a double knockdown experiment in which 0.5 nM
Ci-p53/p73-a MO and 0.5 nM Ci-p53/p73-b MO were simultaneously
injected (Figs. 8A′–C′). Percentages of these phenotypes in Ci-
p53/p73-b knockdown were smaller and, those in the double knock-
down were similar to in the Ci-p53/p73-a knockdown (Tables 2–4;
percentages of each phenotype in knockdown of Ci-p53/p73-a, Ci-
p53/p73-b and both genes are as follows: gastrulation inhibited phe-
notype 46%, 38%, 46%, Noto1 expression inhibited phenotype
81%, 55%, 76%, ZicL expression inhibited phenotype 59%, 36%, 50%,
Brachyury expression inhibited phenotype 40%, 37%, 45%). Although
the results of the double knockdown may be negative to complete
redundant functions between Ci-p53/p73-a and Ci-p53/p73-b, there
is a possibility that the function of Ci-p53/p73-a and Ci-p53/p73-b is
practically the same but the amount of protein produced by one of
the two genes is too small. Therefore, I concluded that Ci-p53/p73-b
has similar functions to those of Ci-p53/p73-a at least in part.MO (n=45) (40%) (36%) (24%)
0.5 nM Ci-p53/p73-a
MO+0.5 nM Ci-p53/p73-b
MO (n=8)
2
(25%)
0 4
(50%)
2
(25%)
A7.8, A7.4 No expression
Brachyury at
the 64-cell
stage
0.5 nM Ci-p53/p73-a
MO (n=42)
25
(60%)
17
(40%)
0.5 nM Ci-p53/p73-b
MO (n=41)
26
(63%)
15
(37%)
0.3 nM Ci-p53/p73-a
MO+0.4 mg/ml
Ci-p53/p73-a mRNA
(n=24)
23
(96%)
1
(4%)
0.5 nM Ci-p53/p73-a
MO+0.5 nM
Ci-p53/p73-b MO
(n=9)
35
(55%)
29
(45%)
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expression
Anno et al. (2006) described the transcriptional regulation of one of
the C. intestinalis ZicL genes. Speciﬁcally, nucleotides−259 to−205 rel-
ative to the putative transcription start site of ZicL (the A module) are
necessary for the gene's expression in A6.2 and A6.4 at the 32-cell
stage; at later stages, nucleotides −205 to −89 (the BM module) are
responsible for ZicL expression in B6.2 and B6.4 and in notochord,
nerve cord and muscle precursors (Fig. 9A). To clarify the relationships
between the reported ZicL transcription regulating regions and p53-
binding sites in C. intestinalis, I carried out cis-regulatory analyses
using reporter constructs that included the upstream regions of ZicL.
The p53 binding sequence, RRRCWWGYYY, is widely conserved from
mammals to invertebrates (Brandt et al., 2009). In the sequence thatA BM
-259 -205 -89
ZicL:-259
ZicL:-259m-1
ZicL:-259m-2
ZicL:-259m-1,2
Zic
L:-
259
Zic
L:-
259
m-
1
Zic
L:-
259
m-
2
Zic
L:-
259
m-
1,2
expressed 
in A lineages
at the 32-cell
stage
0
50%
27%
18%
30%
18%
Proportions
express
A schematic representation
of constructs for
a Cis-regulatory analysis  
p53 binding sequence
mutated p53 binding sequence
B C
attttttacaatgtgtgaatttgttgttgacatcacgtagagaaagtgccatac
cgtgccaaaagtagcgtgagacgcgcgatcgacacgataattaccttcg
gtGcGCATGggaaagcgacgggcgatcggaagtcaaataaataaa
A module-259
-89
A
The sequence of Z
Fig. 9. (A) The sequence of the ZicL upstream region. Underlined sites are putative p53-bin
(B) A schematic representation of constructs for a cis-regulatory analysis. Mutated sequen
and ZicL: −259m-1,2, GCGCATGGGA→GCGAATTGGA (−87 to −78) in ZicL: −259m-2 a
of analyzed embryos are as follows: ZicL:−259 transfected embryos at the 32-cell stage, 23
fected embryos at the 32-cell stage, 134; ZicL: −259m-1,2 transfected embryos at the 32-
−259m-1 transfected embryos at the early gastrula stage, 206; ZicL:−259m-2 transfected
the early gastrula stage, 139. (D–G) Examples of expression of reporter constructs. (D) Expre
is observed and (G) not observed in notochord precursors at the early gastrula stage.includes nucleotides−259 to the transcription start site of C. intestinalis
ZicL, two putative binding sites of p53 were found: AACCTTGCGT in the
BM module (−202 to −193) and GCGCATGGGA (−87 to −78)
(Fig. 9A). Therefore, I prepared four constructs whose sequences are
either intact or mutated in each of these two regions (Fig. 9B).
When ZicL:−259 was transfected into C. intestinalis embryos, the
percentages of reporter gene expression at the 32-cell stage were as
follows: 15%, expression in both A- and B-lines (Fig. 9D); 12%, in the
A-line alone; 20%, in the B-line alone (Fig. 9E); and 53%, in no cells
(Table 5). Although the percentage of embryos with expression was
only 47% at the 32-cell stage, it was 95% at the early gastrula stage
(Table 5), suggesting that constructs were transfected into most em-
bryos under this experimental condition. Percentages of expression of
ZicL: −259m-1 were 10% in both A- and B-lines, 8% in the A-line
alone, 23% in the B-line alone and 59% in no cells, respectivelyexpressed 
in notochord
precursors
at the early
gastrula stage
G66%
36%
60%
29%
 of reporter gene
ed embryos 
Examples of expression
of reporter constructs
Zic
L:-
259
Zic
L:-
259
m-
1
Zic
L:-
259
m-
2
Zic
L:-
259
m-
1,2
D E
F
gtaAAcCTTGCgTcgacaggcacgagcgaaag
cgaggcaaatatcggaggtggggggatcgaaccac
gataaagaagataattaagtcattgtgttacgaaaggaaggcgt
BM module-205
-1
icL upstream region 
ding sites. Capital letters are nucleotides that match p53 consensus binding sequences.
ces are as follows; AACCTTGCGT→AACATTACGT (−202 to −193) in ZicL: −259m-1
nd ZicL: −259m-1,2. (C) Proportions of embryos expressing reporter genes. Numbers
7; ZicL:−259m-1 transfected embryos at the 32-cell stage, 226; ZicL:−259m-2 trans-
cell stage, 110; ZicL: −259 transfected embryos at the early gastrula stage, 153; ZicL:
embryos at the early gastrula stage, 141; and ZicL:−259m-1,2 transfected embryos at
ssion is observed and (E) not observed in the A-line at the 32-cell stage. (F) Expression
227T. Noda / Developmental Biology 360 (2011) 216–229(Table 5). These percentages were 19%, 11%, 19% and 51% with ZicL:
−259m-2; and 12%, 6%, 21% and 61% with ZicL:−259m-1,2, respec-
tively (Table 5). Fig. 9C summarizes the percentages of embryos in
which reporter gene were detected in the A-line (either the A-line
alone, or in both A-line and B-line) at the 32-cell stage. Lower percent-
ages were detected in experiments with ZicL: −259m-1 and ZicL:
−259m-1,2 (18% and 18%) than those with ZicL: −259 and ZicL:
−259m-2 (27% and 30%) (Fig. 9C). This suggests that the ZicL up-
stream region−202 to−193 is involved in ZicL expression in A-line
cells at the 32-cell stage. Percentages of the ZicL: −259 reporter ex-
pression in the early gastrula stage were as follows: 66% in notochord
precursor cells (Fig. 9F), 29% in any cells except notochord precursors
(Fig. 9G), and 5% in no cells. The percentages decreased to 36%, 42%
and 22% in ZicL: −259m-1; 60%, 30% and 11% in ZicL: −259m-2,
and 29%, 41% and 30% in ZicL: −259m-1,2, respectively (Table 5).
That is, the percentage of reporter expression at the early gastrula
stage in notochord precursor cells bearing constructs with mutations
in nucleotide −202 to −193 decreased by 30% compared with con-
structs without such mutations (comparisons between ZicL: −259
(66%) and ZicL:−259m-1 (36%) and between ZicL: −259m-2 (60%)
and ZicL: −259m-1,2 (29%)). Therefore, the ZicL in the upstream
region −202 to −193 is involved in expression not only in the
A-line at the 32-cell stage but also in the notochord precursor cells at
the early gastrula stage. Similar comparisons at the early gastrula stage
between ZicL: −259m (66%) and ZicL: −259m-2 (60%), and between
ZicL: −259m-1 (36%) and ZicL: −259m-1,2 (29%), showed that the
percentages of positive embryos were smaller by about 6% when they
were transfected with constructs mutated in nucleotide −87 to −78.
Therefore, it is also likely that nucleotides−87 to−78 are involved in
ZicL expression of notochord precursors in the early gastrula. However,
the magnitude of the decrease in reporter gene expression in mutated
constructs compared to intact constructs was not large, suggesting that
regulatory factors other than p53 are involved in ZicL expression.
Regulation of gene expression by maternal genes after the 16-cell stage
This study analyzed two maternally expressed regulatory genes,
Ci-p53/p73-a and Ci-p53/p73-b, with a focus on their developmentalTable 5
Numbers and ratios of reporter gene-expressing embryos with speciﬁc expression patterns
Stages Transfected
constructs
Expression patterns
Expressed in both
(A6.2 and/or A6.4)
and (B6.2 and/or B6.4)
32-cell stage ZicL: −259
(n=237)
36
(15%)
ZicL: −259m-1
(n=226)
23
(10%)
ZicL: −259m-2
(n=134)
26
(19%)
ZicL: −259m-1,2
(n=110)
13
(12%)
Expressed in notochord
precursors
Early gastrula stage ZicL: −259
(n=153)
101
(66%)
ZicL: −259m-1
(n=206)
74
(36%)
ZicL: −259m-2
(n=141)
84
(60%)
ZicL: −259m-1,2
(n=139)
40
(29%)role in early Ciona embryogenesis, and showed that they regulate
notochord differentiation by activating zygotic expression of ZicL.
In ascidian embryos, maternal factors establish the regulatory pre-
pattern, and speciﬁc combinations of TFs are deﬁned in each cell
at the 16-cell stage. Imai et al. (2006) revealed the link between
the 16-cell prepattern and embryonic cell differentiation, but this
study excluded maternally expressed genes from the targets. In
this study, I showed that Ci-p53/p73-a and Ci-p53/p73-b activate
ZicL expression at the 32-cell stage without affecting the expression
of known ZicL-regulating genes at the 16-cell stage. Transcripts of
most of maternal genes of C. intestinalis do not disappear before
the 16-cell stage, and the expression of some maternal genes per-
sists until the tailbud stage. Therefore, it is possible not only
that maternal genes regulate zygotic gene expression even after
the 16-cell stage but also that their contributions have been overlooked
by previous studies of the zygotic gene regulatory network (e.g., Imai
et al., 2006). Further analyses of maternal genes are essential in order
to extend our understanding of the regulation of gene expression in
later embryonic stages.
Evolutionary conservation of developmental roles of the p53 family
The roles of Ci-p53/p73-a and Ci-p53/p73-b shown in this study are
similar to those of Xenopus p53: activation of Brachyury in the gastru-
la stage and regulation of mesodermal differentiation and gastrula-
tion movement (Cordenonsi et al., 2003). As Brachyury regulates
mesodermal patterning and gastrulation movement in Xenopus em-
bryos (Conlon et al., 1996), the roles of p53 can be explained as a
function of activation of Brachyury expression. In contrast to Xenopus
embryos, no distinct morphological defects were observed in p53
knockout mice. In p63 (Mills et al., 1999; Yang et al., 1999) and p73
knockoutmice (Yang et al., 2000), neithermesodermal nor gastrulation
defects were reported. These results argue against conserved roles
of the p53 family among chordates. However, when all p53 family
members were inhibited through mis-expression of DeltaNp73alpha
in mouse embryos, gastrulation defects were observed (Erster et al.,
2006). Unfortunately, Erster et al. (2006) did not report on changes in
mesodermal differentiation or Brachyury expression in these embryos..
Expressed in
A6.2 and/or
A6.4 but not in
the other cells
Expressed in
B6.2 and/or
B6.4 but not in
the other cells
No expression
28
(12%)
47
(20%)
126
(53%)
17
(8%)
52
(23%)
134
(59%)
15
(11%)
25
(19%)
68
(51%)
7
(6%)
23
(21%)
67
(61%)
Expressed in
any lineages
except
notochord
precursors
No expression
44
(29%)
8
(5%)
86
(42%)
46
(22%)
42
(30%)
15
(11%)
57
(41%)
42
(30%)
228 T. Noda / Developmental Biology 360 (2011) 216–229Brachyury regulatesmesodermal differentiation (Wilkinson et al., 1990)
and gastrulationmovements inmice (Wilson et al., 1995). Therefore, in
order to clarify the evolutionary conservation of the functions of p53
genes, further analysis of the p53 family, focusing in particular in Bra-
chyury regulation and mesodermal differentiation, are needed in mice
or other vertebrates.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.08.029.
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